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Using continuous EEG-correlated fMRI, we studied a patient with refractory epilepsy. Seizures 
were characterised by head turning to the left and clonic jerking of the left arm suggesting a right 
mesial frontal onset. Routine interictal EEG showed symmetrical post-central alpha rhythm and 
occasional runs of independent, non-lateralized slow activity in the delta band with right fronto-
central dominance. Ictal scalp EEG had no lateralizing value. Structural MRI showed no 
abnormality. There were no clear EEG changes during simultaneous EEG-fMRI. We therefore 
modeled asymmetrical 1-3 Hz EEG slowing near fronto-central electrode positions. Significant 
Blood Oxygen-Level Dependent (BOLD) signal changes in the right superior frontal gyrus 
correlated with right frontal oscillations at 1-3 Hz but not at 4-7 Hz and neither of the two 
frequency bands when derived from contralateral or posterior electrode positions which served as 
controls. Motor fMRI activations with a finger tapping paradigm were asymmetrical, being 
anterior for the left hand compared to the right, and near the aforementioned EEG-correlated 
signal changes. A right fronto-central seizure onset was identified with subdural grid recording, 
and electrical stimulation of the adjacent contact produced stiffening of the left arm. The fMRI 
localization of the left hand motor and the detected BOLD activation to modeled slow activity 
suggest a role for seizure localization with EEG-fMRI even in the absence of clear interictal 
discharges. 
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 Introduction 
EEG-fMRI can map interictal EEG activity in focal epilepsy [1, 2, 3, 4, 5]. An important 
methodological constraint is the dependency on the visualusation of unequivocal interictal 
epileptic activity during scanning to model the fMRI data [6]: Model-free analysis of fMRI 
independent of EEG may provide localizing information  [7, 8, 9], however, caution against 
methodological confounds and careful validation with EEG is necessary [6]. In addition, there 
should be validation against a gold standard, invasive EEG monitoring, and surgical outcome 
where possible [3]. 
Here, we show how EEG-fMRI in the absence of clear epileptiform discharges may be helpful in 
identifying the seizure onset zone [10] as validated by intracranial EEG and supported by task-
related fMRI. 
 
Case report 
We studied a 40 year old right-handed patient who experienced the first seizure at age 6. 
Neurological examination revealed mild pyramidal weakness affecting the left arm. Medication 
at the time of the investigation consisted of Carbamazepine (1600 mg), Levetiracetam (2000 mg), 
Phenobarbitone (75mg), Phenytoin (350 mg), Lamotrigine (200mg), and Lorazepam (3mg). 
Seizures were predominantly nocturnal beginning with altered facial expression, eye and head 
deviation to the left accompanied by tonic extension of the left arm and leg, with impaired 
consciousness and frequent secondary generalization. There had been one episode of left focal 
motor status epilepticus. Interictal EEG showed symmetrical post-central alpha rhythm and 
occasional runs of independent, non-lateralized slow activity with right fronto-central dominance. 
Ictal subdural EEG detected a right fronto-central seizure onset, stimulation at an adjacent contact 
lead to tonic extension of the left arm. One subdural 48 contact grid and two 8 contact strips were placed (Figure 1A, 1B). During six days of video-telemetry three stereotyped seizures were 
captured. Subdural grid recordings identified the seizure onset zone (contact 20) anterior to the 
left hand motor area as identified by corticography (contacts 30,31, 38, 39, see Figure 1C and 
Table 1). Three Tesla structural MRI was normal. Resective surgery was not pursued in view of 
the close proximity of the seizure onset zone to eloquent motor cortex. 
 
The patient gave written informed consent to this study which was approved by the joint ethics 
committee of the National Hospital for Neurology and Neurosurgery and Institute of Neurology 
(04/Q0512/77). 
 
Methods 
Imaging was performed on a 3T GE Horizon EchoSpeed system using a standard head coil. Two 
20 minute eyes-closed rest and one 5 minute finger tap session were acquired with EEG-fMRI 
(T2*-weighted gradient-echo EPI sequence, TE=40ms; TR=3000ms; interleaved acquisition of 
47x5mm slices; Field of View 24x24 cm2; 64x64matrix). The first 4 images/session were 
discarded to allow for T1-saturation effects.  Finger tap was self-paced at around 2 Hz, 
alternating between left and right in 30-second blocks, modelled using a block design. Subject 
motion was modelled as confound using the rigid body motion parameters obtained during the 
realignment procedure [11, 12]. All fMRI data were pre-processed and analyzed using SPM2 
(Statistical Parametric Mapping) (http://www.fil.ion.ucl.ac.uk/spm/). Structural imaging 
comprised coronal volumetric T1-weighted Inversion Recovery-prepared Spoiled Gradient 
Recalled (IR-SPGR), oblique coronal dual-echo proton density, T2-weighted, and oblique 
coronal fast fluid-attenuated inversion recovery (Fast-FLAIR) sequences. BOLD images were 
realigned, normalised (along with the T1 structural scan, based on the MNI template brain) and spatially smoothed with a Gaussian Kernel of 8 mm full width at half maximum. 
 
Using MR-compatible equipment, ten EEG channels (gold disk electrodes with 10 kOhm safety 
resistors) were recorded at electrode positions Fp2/Fp1, F8/F7, T4/T3, T6/T7, O2/O1, Fz 
(ground) and Pz as the reference (10-20 system), and bipolar ECG. In-house EEG recording 
equipment with a 5kHz sampling rate, 33.3 mV range at 2µV resolution was used, with online 
pulse and imaging artefact subtraction [13, 14, 15, 16, 17]. Further offline imaging and pulse 
artifact removal was performed using the Brain Vision Analyzer [18]. Remaining gross artifacts 
(motion, electrode contact) were marked semi-automatically. For each session, the EEG was 
segmented into 1 s epochs (50% overlap), and FFTs (10% hanning window, power) were 
performed interpolating at the artifact-marked epochs. For each of the bipolar channels F8-T4, 
F7-T3, T6-O2, T5-O1 one 1-3 Hz and one 4-7 Hz regressor was derived, convolved with the 
canonical haemodynamic response function and entered into a single general linear model 
alongside motion confounds (see above). F8-T4/F7-T3 and 1-3 Hz were picked as the band and 
channels of interest based on the routine EEG findings while the contralateral and posterior 
electrode positions served as controls. Similarly, another slow frequency band, 4-7 Hz, below 
background EEG activity was chosen to facilitate testing for band-specificity of the presumed 1-3 
Hz asymmetrical slowing. An F-contrast was used to test for BOLD signal changes related to 
differences in 1-3 Hz power changes occurring in F8-T4 vs. F7/T3, but not at other electrode 
positions or at 4-7 Hz. fMRI activations were compared with ictal onset and corticography from 
the subdural grid recordings undertaken during presurgical workup. 
 
Results 
Left hand motor mapping by fMRI lead to a contralateral BOLD activation which was lateral and anterior compared to the assumed normal functional anatomy as demonstrated for the right hand 
in the left precentral gyrus (Figure 1B). No coregistration of CT, MRI and the grid position was 
possible. Thus carefully stated, the right-sided fMRI motor activation lay at least in very close 
proximity to the corticographically identified hand area (Figure 1B, 1C). Slightly anterior and 
lateral to this, stimulation at contact 11 led to tonic posturing of the left arm. Neighbouring this 
electrode was contact 20, which was active at seizure onset (Figure 1C, Table 1, Figure 2). 
 
Modelling 1-3 Hz EEG oscillations in right anterior temporal electrodes versus left revealed 
BOLD signal changes in the supramarginal gyrus (Figure 1B), anterior and medial to the motor 
hand area and medial to the seizure onset zone detected by intracranial EEG (Figure 1C). BOLD 
activations were specific for electrode position and frequency band. 
 
Discussion 
We used motor fMRI and EEG-fMRI to investigate a patient with refractory frontal lobe seizures. 
The absence of clear interictal discharges on scalp EEG recorded during fMRI lead us to develop 
a strategy for analysis of fMRI based on localised EEG frequency changes, in addition to a close 
inspection of motor fMRI employing a paradigm (finger tap) that was expected to activate cortex 
adjacent to the seizure onset zone.  
 
Localized slowing in focal epilepsy is a lateralizing, and sometimes localizing, sign in temporal 
[19, 20] and extratemporal lobe epilepsy [21, 22]. The value of slow activity for localization in 
patients without lateralizing spikes has been demonstrated [23, 24]. In addition, cortical ictal and 
postictal EEG slowing has been proposed to signify physiologic impairment contributing to 
altered cerebral function [25]. This last aspect highlights another role of specific EEG frequency bands as reflections of cognitive processes which when modeled in fMRI studies only indirectly 
reflect the neural sources of the observed EEG phenomena [18, 26, 27, 28]. 
 
Although no structural cortical lesion could be identified on MRI, motor cortex asymmetry with 
relative antero-lateral displacement of the left hand area compared to the right may suggest an 
underlying abnormality linked to the seizure onset zone. Previously, motor mapping and EEG-
fMRI in a patient with grey matter heterotopia visible on structural MRI and close to the 
sensorimotor area found activations linked to interictal discharges in close proximity to the 
lesion, with displaced fMRI motor activation [29]. 
 
We demonstrate that in the absence of interictal epileptic discharges which are normally used to 
model fMRI data, automated EEG frequency analyses in EEG-fMRI may prove useful in 
mapping epileptogenic areas. As for any clinical work-up, information available from other 
investigations should be taken into account when designing and interpreting studies of individual 
patients. 
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 Table 1 
Summary  of  electrocorticography  and  ictal  EEG  features  (compare  Figure  1C).  Electrical 
stimulation was performed with 0.5 ms 1-3 mA bipolar stimuli at 50 Hz. 
Grid contact number(s)  Clinical / EEG features  
7, 8  no response (1-3 mA) 
15, 16  no response (3 mA) 
23, 24  no response (3 mA) 
31, 32  slight sensation in left hand (3 mA) 
stronger sensation in left hand (3.5 mA) 
39, 40  “weird feeling” in left hand (3.5 mA) 
47, 48  strong discomfort in head (3.5 mA) 
46, 47  strong discomfort in head (3 mA) 
38, 39  motor response in left hand (3 mA) 
30, 31  twitch in left index finger (2.5 mA) 
22, 23  after discharges (twitch in left index finger) 
20  fast activity at seizure onset 
8, 12  spread of fast activity following contact 20 
8, 11, 12  low amplitude fast after seizure onset Figure 1 
Position of the subdural grid and strips (A), their approximate relation  to fMRI motor mapping 
and EEG/fMRI activations in response to right fronto-central 1-3 Hz slow activity (B), and 
electrocorticography results (C). A) Sagittal Computed Tomography (CT) localizer showing the 
position of the 48 contact subdural grid over the right anterior frontal lobe and one 8 contact 
subdural strip overlapping the grid and extending  posteriorly. Another 8 contact strip was placed 
extending medially from contact 34 of the grid (compare C) into the interhemispheric fissure. The 
insert shows a CT slice reflecting the position of the grid in the axial plane. B) Overlay of fMRI 
activations onto a surface rendering of a template brain in normalized space, all corrected for 
multiple comparisons (family wise error, P<0.05, extent threshold 30 voxels). Right finger tap 
fMRI activation is shown in blue (coordinates in Talairach space, maximum at [XYZ] =[-25,-
18,61], left precentral gyrus), left tapping in green ([40,-5,63], right precentral gyrus and superior 
frontal gyrus). Indicated in red ([26,7,65], right superior frontal gyrus) are fMRI signal changes 
in response to the difference of 1-3 Hz EEG activity recorded at F8-T4 versus F7-T3, masked by 
signal changes occurring in response to 1-3 Hz EEG slowing at contralateral and posterior 
electrode positions (T6-O2, T5-O1) and to 4-7 Hz oscillations recorded at F8-T4, F7-T3, T6-O2 
and T5-O1. Dashed and dotted lines indicate positions of the subdural grid and strips, 
respectively. C) Schematic of 48 contact subdural grid with colour-coded elcetrocorticography 
results (see Table for details). Dark green indicates a motor response from the left hand, lighter 
green implies the border between motor and somatosensory cortex. Stimulation at contact 11 
(green circle) provoked stiffening of the left arm. Pink indicates contacts at which seizure onset 
or early spreading was seen (compare Figure 2), and red circles mark contacts which by 
estimation overly the area of EEG-fMRI activation (compare B, red). 
 Figure 2 
Bipolar montage of EEG recorded during seizure onset from the 48 contact subdural grid. An 
increase in background low amplitude fast activity is seen at contact G20 (pink arrow) evolving 
into higher amplitude fast activity interspersed with low amplitude (100 uV) spikes, before an 
underlying semi rhythmic slow activity occurs (near end of displayed trace). The discharge is 
maximal at contact G20, and there is some spread to G12. The bipolar derivations near the 
suspected area of slowing-associated fMRI activation (G42, G43, G44, red) have a very low 
amplitude signal implying synchronous activity at respective electrode pairs. The fast activity 
(green arrows) around G22, G23, G30, G31, G37, G38 (green) – reflects limb movement and is 
concordant with both motor mapping by cortical stimulation and fMRI (compare Figure 1B).Figure 1
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